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	 The	requirements	for	this	particular	reactor	were	that	the	reactor	be	simulated	in	the	simulation	software	SimSci	Pro/II	using	an	isothermal	plug	flow	reactor.		An	internal	heat	exchanger	exists	inside	the	reactor	that	provides	the	isothermal	capabilities.	The	reactor	operating	temperature	is	constrained	by	the	operating	range	of	the	catalyst.		The	same	design	constraints	for	the	Unit	500	reactor	applied	to	the	fluidized	bed	reactor.	The	Unit	500	reactor	temperature	constraints	were	a	maximum	operating	temperature	of	1000	K	with	a	maximum	of	50	K	variation	in	temperature	over	the	length	of	the	reactor.		The	pressure	constraint	for	the	reactor	was	an	operating	pressure	in	the	range	of	0.75	to	2.5	bar.		Another	constraint	of	the	reactor	design	was	that	the	inlet	molar	composition	for	the	fluidized	bed	reactor	be	the	same	as	the	inlet	molar	composition	of	the	optimized	Unit	500	reactor.	This	includes	a	steam	to	ethylbenzene	ratio	of	15.6	to	1.			 Before	setting	up	the	reactor	simulation,	I	needed	to	calculate	the	minimum	fluidization	velocity	for	this	system.		To	find	the	minimum	fluidization	velocity,	umf,	I	used	the	Wen	and	Yu	correlation	given	as	follows:																												𝑅𝑒!,!" = !!"!!!!!! = [1135.69+ 𝐴𝑟]!.! − 33.7																																											(1)	Where	Rep,mf	is	the	Reynolds	number;	Ar	is	the	Archimedes	number,		𝐴𝑟 = !!!(!!!!!)!!!!!! ; dp	is	the	particle	diameter;	ρg		is	the	density	of	the	gas,	μg	is	the	gas	viscosity;	ρs	is	the	catalyst	density;	and	g	is	the	acceleration	due	to	gravity.		The	project	statement	stated	that	the	catalyst	particle	diameter	is	300	μm,	and	the	density	of	the	catalyst	is	2000	kg/m3.		The	optimized	Pro/II	flowsheet	provided	the	values	for	the	gas	density	and	viscosity	at	operating	conditions	of	685°C	and	190	
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kPa.	Using	these	equations	and	values,	I	found	the	minimum	fluidization	velocity	to	be	umf=0.032	m/s.		The	range	for	the	superficial	gas	velocity	for	values	of	3	to	10	times	the	minimum	fluidization	velocity	is	0.096	to	0.320	m/s.		I	calculated	these	velocity	values	assuming	that	the	gas	and	catalyst	density	and	viscosity	change	only	negligibly	within	the	operating	range	for	temperature	and	pressure.		Therefore,	the	main	constraint	on	the	optimization	was	that	the	superficial	gas	velocity	stays	inside	the	range	stated	above.		After	calculating	the	velocity	for	the	reactor,	I	verified	that	the	pressure	drop	across	the	length	of	the	fluidized	reactor	was	equal	to	zero	using	the	following	equation:																																																				∆𝑃 = 𝑔 1− 𝜀 𝜌! − 𝜌! 𝐿																																																				(2)				Where	ΔP	is	the	pressure	drop	across	the	reactor,	g	is	acceleration	due	to	gravity,	ε	is	the	void	fraction	of	the	fluidized	bed,	ρs	is	the	particle	density,	ρg	is	the	gas	density,	and	L	is	the	length	of	the	reactor	or	in	this	particular	case	the	height	of	the	fluidized	bed.		At	the	max	calculated	fluid	velocity	of	ug=0.32	and	the	given	particle	diameter	of	dp=300	μm,	the	void	fraction	of	the	bed	is	equal	to	nearly	1.		With	this	void	fraction,	the	pressure	drop	along	a	fluidized	bed	of	any	length	is	nearly	0.	This	pressure	drop	agrees	with	the	information	displayed	in	Figure	1	above.	After	determining	the	velocity	constraint	and	the	pressure	drop	for	the	reactor,	I	began	setting	up	the	reactor	simulation	in	order	to	optimize.				 The	first	step	in	setting	up	the	new	reactor	in	Pro/II	was	to	input	the	chemicals	in	the	process	and	setup	the	reaction	kinetics	for	the	reactor.		The	reaction	proceeds	according	to	the	following	set	of	reactions,	and	the	chemicals	
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Rate Value Density Molar Mass 
Total 
Cost/Revenue 
Pure (kmol/hr) ($/kg) (BTU/lbmol) (kg/m3) (kg/kmol) ($/hr) 
Ethylbenzene 136 0.900  - 866.0 106 -12,950 
Styrene 120 1.598  - 909.0 104 19,975 
Hydrogen 113  - 51,600 0.099 2 305 
Benzene 8 0.919  - 876.5 78 576 
Toluene 8 1.033  - 866.5 92 764 
Methane  7  - 21,400  - 16 59 
Ethylene 7  -  20,500  - 28 99 




Parameters	 Value	Operating	Labor	Cost	 $59,580	per	operator	per	year	Corporate	Tax	Rate	 35%	Depreciation	Method	 7	year	MACRS	MARR	 12%	Operating	Hours	Per	Year	 8000		When	designing	the	optimized	styrene	case,	we	assumed	our	entire	process	operated	at	steady	state.		To	simplify	our	heat	exchanger	calculations,	we	assumed	that	the	temperature	correction	factor	is	0.9	with	no	phase	change	and	1	for	phase	change.					Before	beginning	optimization,	we	performed	a	sensitivity	analysis	on	the	process.		The	results	of	the	sensitivity	analysis	indicated	that	changes	in	raw	materials,	revenue,	utilities,	and	FCI	most	effectively	maximize	the	NPV.			We	started	the	optimization	by	focusing	the	reactor	to	increase	the	yield	of	raw	material	to	product.		In	order	to	more	efficiently	use	raw	materials	and	increase	revenue,	we	optimized	the	separation	section	to	more	effectively	separate	ethylbenzene	from	our	products.		After	optimizing	the	reactor	and	separation	sections,	we	addressed	the	utility	costs	by	integrating	heat	in	order	to	find	the	most	economical	use	of	energy	in	the	process.		Finally,	we	researched	the	construction	materials	of	the	process	equipment	and	made	the	appropriate	changes	to	reduce	the	FCI	
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Results:			
Figure 2: Process Flow Diagram for the Optimized Plant 	 	
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Table	4:	Stream	Tables	for	Unit	500	Styrene	Optimized	Plant1	Stream	No.	 1	 2	 3	 4	 5	 9	Temperature	(ºC)	 136	 107	 350	 160	 830	 685	Pressure	(kPa)	 210	 200	 180	 600	 550	 190	Vapor	Mole	Fraction	 0	 0	 1	 1	 1	 1	Total	Flow	(kg/hr)	 18,400	 56,300	 56,300	 148,000	 148,000	 204,000	Total	Flow	(kmol/hr)	 174	 531	 531	 8,210	 8,210	 8,741	Comp	Flow	(kmol/hr)	 	 	 	 	 	 	Water	 	 	 	 8,210	 8,210	 8,210	Ethylbenzene	 170	 526	 526	 	 	 526	Styrene	 	 1.21	 1.21	 	 	 1.21	Hydrogen	 	 	 	 	 	 	Benzene	 1.74	 1.74	 1.74	 	 	 1.74	Toluene	 1.74	 1.85	 1.85	 	 	 1.85	Ethylene	 	 	 	 	 	 	Methane	 	 	 	 	 	 		Stream	No.	 10	 11	 12	 13	 14	 15	Temperature	(ºC)	 653	 465	 361	 270	 170	 51	Pressure	(kPa)	 160	 145	 125	 110	 80	 120	Vapor	Mole	Fraction	 1	 1	 1	 1	 1	 0.02	Total	Flow	(kg/hr)	 204,000	 204,000	 204,000	 204,000	 204,000	 204,000	Total	Flow	(kmol/hr)	 8,880	 8,880	 8,880	 8,880	 8,880	 8,880	Comp	Flow	(kmol/hr)	 	 	 	 	 	 	Water	 8,210	 8,210	 8,210	 8,210	 8,210	 8,210	Ethylbenzene	 364	 364	 364	 364	 364	 364	Styrene	 123	 123	 123	 123	 123	 123	Hydrogen	 100	 100	 100	 100	 100	 100	Benzene	 20.4	 20.4	 20.4	 20.4	 20.4	 20.4	Toluene	 23.9	 23.9	 23.9	 23.9	 23.9	 23.9	Ethylene	 18.7	 18.7	 18.7	 18.7	 18.7	 18.7	Methane	 22	 22	 22	 22	 22	 22																																																										1	These	tables	contain	rounded	values	to	increase	readability.	If	the	component	molar	flow	rate	is	0,	then	trace	amounts	of	the	component	actually	exist.			
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Table	4:	Stream	Tables	for	Unit	500	Styrene	Optimized	Plant	Cont.	Stream	No.	 16	 17	 18	 20	 21	 22	Temperature	(ºC)	 50.8	 50.8	 50.8	 50.8	 63.4	 116	Pressure	(kPa)	 105	 105	 105	 65	 35	 55	Vapor	Mole	Fraction	 1	 0	 0	 0.0004	 0	 0	Total	Flow	(kg/hr)	 2,420	 54,300	 147,500	 54,300	 1,170	 50,500	Total	Flow	(kmol/hr)	 170	 527	 8,185	 527	 13	 478	Comp	Flow	(kmol/hr)	 	 	 	 	 	 	Water	 21	 4.95	 8,185	 4.95	 0.03	 	Ethylbenzene	 5.50	 358	 0	 358	 1.04	 356	Styrene	 1.58	 121	 0	 121	 0.15	 121	Hydrogen	 99.6	 0.12	 0	 0.12	 	 	Benzene	 1.99	 18.4	 0	 18.4	 3.28	 	Toluene	 0.94	 22.9	 0	 22.9	 8.49	 0.11	Ethylene	 18.0	 0.66	 	 0.66	 0	 	Methane	 21.7	 0.28	 0	 0.28	 0	 				Stream	No.	 23	 24	 26	 27	 28	 29	Temperature	(ºC)	 90.8	 124	 63.4	 124	 50.8	 92.6	Pressure	(kPa)	 25	 55	 200	 200	 200	 210	Vapor	Mole	Fraction	 0	 0	 0	 0	 0	 0	Total	Flow	(kg/hr)	 37,900	 12,600	 1,170	 12,600	 37,900	 148,000	Total	Flow	(kmol/hr)	 357	 121	 13	 121	 8,185	 357	Comp	Flow	(kmol/hr)	 	 	 	 	 	 	Water	 	 	 0.03	 	 8,184	 	Ethylbenzene	 356	 0.59	 1.04	 0.59	 0.10	 356	Styrene	 1.21	 120	 0.15	 120	 0	 1.21	Hydrogen	 	 	 	 	 0	 	Benzene	 	 	 3.28	 	 0.01	 	Toluene	 0.11	 	 8.49	 	 0.05	 0.11	Ethylene	 	 	 0	 	 	 	Methane	 	 	 0	 	 0.03	 						
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Table	4:	Stream	Tables	for	Unit	500	Styrene	Optimized	Plant	Cont.		Stream	No.	 30	 31	 32	 33	 34	Temperature	(ºC)	 455	 829	 352	 194	 216	Pressure	(kPa)	 585	 229	 200	 95	 135	Vapor	Mole	Fraction	 1	 1	 1	 1	 1	Total	Flow	(kg/hr)	 148,000	 148,000	 56,300	 204,000	 204,000	Total	Flow	(kmol/hr)	 8,210	 8,210	 531	 8,880	 8,880	Comp	Flow	(kmol/hr)	 	 	 	 	 	Water	 8,210	 8,210	 	 8,210	 8,210	Ethylbenzene	 	 	 526	 364	 364	Styrene	 	 	 1.21	 123	 123	Hydrogen	 	 	 	 100	 100	Benzene	 	 	 1.74	 20.4	 20.4	Toluene	 	 	 1.85	 23.9	 23.9	Ethylene	 	 	 	 18.7	 18.7	Methane	 	 	 	 22	 22	
	
	




















































































































	 Isothermal	 Adiabatic	Feed	into	Reactor	(kmol/hr)	 7,345	 8,986.5	EB	Feed	into	Reactor	(kmol/hr)	 442.5	 541.2	Styrene	Produced	(kmol/hr)	 120.5	 120.5	Recycle	Ethylbenzene	(kmol/hr)	 222.8	 356.3	Recycle	Styrene	(kmol/hr)	 1.05	 1.484	Recycle	Toluene	(kmol/hr)	 0.2555	 0.197	Extra	Fired	Heater	(GJ/hr)	 17.5	 	













	 𝐶𝑂𝑀 = 0.18𝐹𝐶𝐼 + 2.73𝐶!" + 1.23(𝑈𝑡 + 𝑅𝑀 +𝑊𝑇)	 (5)		Table	8	shows	the	components	included	in	the	COM	calculation.		Table	9	shows	a	summary	of	components	for	the	FCI,	and	Table	10	shows	the	utility	cost	by	type	for	our	plant.	
Table	8:	Cost	of	Manufacturing	Summary	for	Optimized	Unit	500	













Cooling	Water	(kg/hr)	 Fuel	Gas	(GJ/hr)	 Boiler	Feed	Water	(kg/hr)	Totals	 7,910	 -16,040	 -13,075	 203,000	 13,200,000	 124.25	 -26,200	Total	Yearly	Cost	($K/yr)	
























































































Heat	Transfer	To	 h	(W/m2K)	Liquid	Organic	 600	Condensing	Steam	 6,000	Boiling	Organic	 5,000	Vapor	Organic	 100	Desuperheating	Steam	 200	Boiling	Water	 8,000	Cooling	Water	 1,000	Partially	Condensing	Organic	 3,000	Condensing	Organic	 1,500	
		
